[1] In marine sedimentary environments, microbial methanotrophy represents an important sink for methane before it leaves the seafloor and enters the water column. Using benthic observatories in conjunction with numerical modeling of pore water gradients, we investigated seabed methane emission rates at cold seep sites with underlying gas hydrates at Hydrate Ridge, Cascadia margin. Measurements were conducted at three characteristic sites which have variable fluid flow and sulfide flux and sustain distinct chemosynthetic communities. In sediments covered with microbial mats of Beggiatoa, seabed methane efflux ranges from 1.9 to 11.5 mmol m À2 d À1 . At these sites of relatively high advective flow, total oxygen uptake was very fast, yielding rates of up to 53.4 mmol m À2 d À1 . In sediments populated by colonies with clams of the genus Calyptogena and characterized by low advective flow, seabed methane emission was 0.6 mmol m À2 d À1 , whereas average total oxygen uptake amounted to only 3.7 mmol m À2 d À1 . The efficiency of methane consumption at microbial mat and clam field sites was 66 and 83%, respectively. Our measurements indicate a high potential capacity of aerobic methane oxidation in the benthic boundary layer. This layer potentially restrains seabed methane emission when anaerobic methane oxidation in the sediment becomes saturated or when methane is bypassing the sediment matrix along fractures and channels. 
[1] In marine sedimentary environments, microbial methanotrophy represents an important sink for methane before it leaves the seafloor and enters the water column. Using benthic observatories in conjunction with numerical modeling of pore water gradients, we investigated seabed methane emission rates at cold seep sites with underlying gas hydrates at Hydrate Ridge, Cascadia margin. Measurements were conducted at three characteristic sites which have variable fluid flow and sulfide flux and sustain distinct chemosynthetic communities. In sediments covered with microbial mats of Beggiatoa, seabed methane efflux ranges from 1.9 to 11.5 mmol m À2 d À1 . At these sites of relatively high advective flow, total oxygen uptake was very fast, yielding rates of up to 53.4 mmol m À2 d À1 . In sediments populated by colonies with clams of the genus Calyptogena and characterized by low advective flow, seabed methane emission was 0.6 mmol m À2 d À1 , whereas average total oxygen uptake amounted to only 3.7 mmol m À2 d À1 . The efficiency of methane consumption at microbial mat and clam field sites was 66 and 83%, respectively. Our measurements indicate a high potential capacity of aerobic methane oxidation in the benthic boundary layer. This layer potentially restrains seabed methane emission when anaerobic methane oxidation in the sediment becomes saturated or when methane is bypassing the sediment matrix along fractures and channels.
Introduction
[2] Marine gas hydrate deposits represent a significant reservoir and a potential source for methane carbon to the ocean. The global amount of methane carbon bound in submarine gas hydrates, mostly common in productive continental margin sediments, is estimated to be in the range of 1 to 5 Â 10 15 m 3 ($500-2500 Gt of methane carbon) [Milkov, 2004] . During destabilization of shallow gas hydrates under increasing temperature and/or lowered pressure conditions, enormous amounts of methane can be released. There is evidence that during the Quaternary ($60 kyr ago) massive release of methane is related to climate oscillations with concurrent warm deepwater conditions in the North Pacific [Kennett et al., 2000] . For the Late Paleocene ($55 myr ago) a distinct increase of the deepwater temperature of about 4°to 8°C is postulated to have triggered rapid destabilization of gas hydrates releasing massive amounts of methane from the seafloor [cf. Dickens, 1999] . These findings rise questions about the fate of methane once released from decomposing gas hydrates and the source strength of sediments containing gas hydrates.
[3] Once methane is released, it is transported within the sediment column by molecular diffusion and advection to the sediment water interface [Linke et al., 1994; Luff and Wallmann, 2003] . If the pore water velocity increases (>90 cm yr À1 ) methane leaves the sediment, bypassing the sediment matrix, along fractures and channels, either dissolved in the pore water or in form of gas bubbles [Luff et al., 2004] . Increased water release during gas hydrate decomposition enhances advective methane transport through the sediment matrix and bubble ebullition eventu-ally destabilizes the sediment matrix and might lead to slope failures and sediment sliding on the continental slopes. During these processes, when the bulk density of the sediment becomes greatly reduced and its porosity increases, large pieces of gas hydrates may detach from the seafloor and rapidly ascend to the water surface. This process has been recognized as an efficient transport mechanism of methane from the seabed to the atmosphere , bypassing all filter mechanisms in the sediment and water column.
[4] In sedimentary environments dominated by slow advective pore water transport and diffusion but also in freshwater systems and soils [cf. Reeburgh, 2003] microbial methanotrophy has been early recognized as an important control mechanism for methane flux [Reeburgh et al., 1993; Valentine et al., 2001] . These microbial processes embedded within a complex network of biogeochemical reactions control the methane emission across the sediment water boundary layer (Figure 1 ).
[5] Aerobic oxidation of methane (AEOM)
and anaerobic oxidation of methane (AOM)
are the major pathways of microbial methane consumption, releasing CO 2 and sulfide into the pore water. Aerobic methanotrophs can be found in virtually all oxic habitats containing methane [Heyer, 1990; Reeburgh, 1996] . On the basis of methane distributions in anoxic sediments, AOM was postulated by Barnes and Goldberg [1976] , Reeburgh [1976] , and Martens and Berner [1977] . On the basis of thermodynamic modeling, Hoehler et al. [1994] suggested that methanogenic archaea closely coupled to sulfatereducing bacteria could gain energy from AOM. Visual evidence of an association between methanogenic archaea and sulfate-reducing bacteria was provided by the FISH studies of Boetius et al. [2000] which showed aggregations of both cell types in gas hydrate-containing sediments at Hydrate Ridge. So far three lineages of archea (ANME-1, ANME-2, ANME-3) have been identified mediating methane consumption in anoxic sediments [cf. Orphan et al., 2001a Orphan et al., , 2001b Valentine and Reeburgh, 2000; Valentine, 2002; Hinrichs and Boetius, 2002; Knittel et al., 2003] . At sites with shallow gas hydrates and high AOM turnover, the released sulfide sustains specifically adapted chemosynthetic microbial, meiobenthic, and macrobenthic communities [cf. Olu et al., 1997; Fisher et al., 2000; Sahling et al., 2002; Levin et al., 2003; MacDonald et al., 2003; Sommer et al., 2003; Knittel et al., 2003] .
[6] Because of a limited access to appropriate in situ technology, the influence of microbial methane turnover on seabed methane emission rates has been hardly resolved. For the cold vent sites at Hydrate Ridge characterized by sediments containing shallow gas hydrates and various fluid flow velocities of pore waters from below, great inconsistency exists between emission rates measured in situ and methane fluxes derived from numerical modeling of pore water gradients [Luff and Wallmann, Figure 1 . Scheme of the benthic filter for methane (see text for explanation).
2003; Treude et al., 2003] . While pore water data only mirror the slow transport through the sediment matrix, in situ measurements revealed fast advective fluid flow at distinct spots, bypassing the methane consuming microbial communities [Luff et al., 2004] . Differences of up to three orders of magnitude have been found due to the different approaches. Moreover, extreme temporal and lateral inhomogeneities exist at this site, which makes it difficult to estimate the overall methane flux into the bottom water. This study provides for the first time in situ measurements of seafloor methane emission rates under controlled oxygen and current conditions.
Materials and Methods

Study Area and Sediment Sampling
[7] During cruise 165-1 of RV Sonne in July/August 2002 in situ flux measurements of oxygen, methane and partly nitrate and pore water determinations were conducted at the northern and southern summit of Hydrate Ridge as well as in the eastern basin adjoint to Hydrate Ridge (Figure 2 and [Suess et al., 1985; Boetius et al., 2000; Sahling et al., 2002] , methane hydrate exposures and authigenic carbonates have been discovered [Greinert et al., 2001] . In this region, shallow gas hydrates occur directly on or a few centimeters below the sediment surface. The gas hydrate affected sites can be divided into three characteristic habitats along a gradient of sulfide flux (see equation (2) [8] In situ flux measurements were conducted using the Biogeochemical Observatory (BIGO; Figure 3 ) and the Fluid-Flux Observatory (FLUFO). The technical design of BIGO and FLUFO is based on the GEOMAR Benthic Chamber Lander . The basic frame of these observatories consists of a titanium tripod that carries 21 Benthos glass spheres for buoyancy and a ballast weight attached to each leg by release toggles. Release of ballast is controlled by two acoustic release units. A radio beacon and strobe light assist in location and recovery at the surface. An ARGOS system is used to track the observatory in case of a premature release. Each of the observatories contained two large circular chambers (internal diameter 28.8 cm), providing a sediment area of 651.4 cm 2 . This is an appropriate size for sediment subsampling and minimizing smearing and disturbance effects on the inner sediment core when the chamber is driven into the sediment. As shown by Glud and Blackburn [2002] flux measurements in larger chambers are less susceptible for errors when calculating area budgets and fluxes.
Benthic Observatories
[9] A TV-guided launching system allowed smooth placement of the observatories at selected sites on the seafloor. Two hours after the observatories had been released from the launcher and placed on the seafloor the chambers were slowly driven into the sediment ($30 cm h
À1
). Average water volume enclosed by benthic chambers during deployment of BIGO was 11.2 l and of FLUFO 20.1 l. Each chamber is an autonomous module with its own control unit and power supply. During each deployment seven sequential water samples were collected from the enclosed water column with syringe samplers attached to the chamber. The volume ($46 ml) drawn by each syringe was replaced by ambient bottom water. All chambers were equipped with two backpressure valves. When the chambers were driven into the sediment excess water can leave and overpressure inside the chamber is avoided. These valves further allow unimpeded fluid flow across the sediment water interface at seep sites. During BIGO 5/6 deployments additional water samples were taken from the bottom water outside the chambers at a height of about 30-40 cm above the seafloor. Duration of the flux measurements from first-to-last syringe sampling varied between 16 and 64 hours. Except for FLUFO deployments, the incubated sediments were retrieved after the in situ measurements for on board analyses of pore water by closing the chamber with a particular shutter mechanism. Once the shutter was closed, the chambers were slowly heaved out of the sediment and the observatory was ready for recovery.
[10] In order to record long-term variability of benthic fluxes and turnover in semiclosed chamber systems it is of crucial importance to maintain the oxygen supply at natural levels and to avoid severe oxygen depletion which would cause stress responses of the enclosed organisms and alteration of the vertical geochemical concentration profiles. Thus a gas exchange system similar to the ''gilled'' benthic chamber as described by Morse et al. [1999] has been designed to compensate for the total oxygen consumption of the enclosed bottom water and the sediment (Figure 4 ). This system ensures transfer of dissolved oxygen from a reservoir (volume 31.6 l) into the benthic chamber to keep the oxygen concentration constant. Prior to the deployment this reservoir was filled with filtered (0.4 mm) oxygen-saturated bottom water. The chamber water circuit and the water circuit of the reservoir is separated by silicone membranes allowing diffusive exchange of oxygen, methane, and other gases. The gas exchange system contains a stack of five silicone membranes each 125 mm thick, providing a total gas exchange area of 392.7 cm 2 . During the in situ measurements BIGO was equipped with one ''exchange chamber'' with and one ''control chamber'' without the gas exchange system. Although FLUFO has originally been designed for a different type of flux studies, during this investigation its chambers were used in the same mode as the ''control chamber'' deployed in BIGO.
[11] Fluxes of solutes across the sediment water interface are highly susceptible to alterations of shear stress pattern at the sediment surface [Thomsen and Gust, 2000] . Thus all chambers contained a system mimicking the external shear stress on the enclosed sediment surface [Gust, 1990] . The operation principle of this system is based on an internal fluid transport system, which is simultaneously driven by a rotation disc above the sediment and a pump, which removes the fluid from the center of the experimentation area. By operating the disc (diameter: 15 cm with a skirt of 6 cm) and pump at calibrated settings, a spatially homogeneous shear stress pattern is generated at the sediment surface [Tengberg et al., 2004] . For the in situ measurements the internal shear stress was coupled on the external flow regime by regulating both rotation velocity and pump rate on an external flow sensor (Savonius rotor) signal. To assure adequate mixing of the enclosed water body during periods of slow bottom currents (<5 cm s À1 ), the rotation velocity of the disc was set to a minimum of 9 rpm.
Analytical Techniques 2.3.1. Water Samples
[12] Oxygen concentrations of the syringe samples were fixed immediately after retrieval of the observatories. Within 12 hours the oxygen content of water samples was determined by automated Winkler titration [Grasshoff et al., 1983] . . Time course of oxygen and methane in the control chamber not equipped with a gas exchange system, the exchange chamber equipped with the gas exchange system, the reservoir, and the bottom water at a microbial mat site (BIGO 4). water (BIGO 4). Total oxygen consumption was calculated using the linear decrease of the oxygen concentration with time.
[13] Methane concentrations were determined by ''head space'' analysis modified after Linke et al. [2005] . Immediately after retrieval of the observatories, 10 mL of the syringe water samples were carefully transferred into septum stoppered 24 mL glass vials which contained 10 mL saturated sodium chloride solution. The volume ratio of sample to headspace was 10/4. Within 24 h the methane concentration in the headspace was determined using a Shimadzu GC14A gas chromatograph fitted with a flame ionization detector and a 4 m 1/8 0 Poraplot Q (mesh 50/80) packed column. Prior to the measurements the samples were equilibrated for 2 h in a shaking table.
[14] In order to calculate the methane flux out of the sediments from the concentration changes in the samples, two effects caused by the benthic chamber have to be considered. Although the chambers were driven very slowly into the sediment, during the initial phase (up to 1.5 h) of the measurement leakage of methane from the disturbed sediment can be observed. Whereas in the natural environment methane emitted from the sediment is continuously swept away and diluted by bottom water currents, methane concentration in the enclosed water body increases with time. Thus the concentration gradient between the sediment and the enclosed water body decreases, which reduces the diffusive transport and affects methane emission in the chamber. This rise of the methane concentration can be described by an exponential function (C = a(1 À e Àlt ) + b, where C is methane concentration (mmol L À1 ), t is time (h), and a, b, and l are fitting parameter). Methane flux was calculated after the initial phase of the experiment using the first derivative of the exponential function, which was fitted to the time course of the methane concentrations.
[15] Nitrate concentration in the water samples were measured using standard photometric procedures [Grasshoff et al., 1983] . Nitrite uptake was calculated using the linear decrease of the nitrate concentration with time.
Pore Water Chemistry
[16] After recovery, the retrieved sediments were subsampled and sediment cores were rapidly transferred to the onboard laboratory, which was cooled to 4°C. The cores were segmented into 1 cm slices for pressure filtration. Pore water was squeezed from the sediment through 0.2 mm cellulose acetate membrane filters at up to 3 bar pressure applying argon gas with a mechanical polypropylene press. Pore waters were analyzed on board for dissolved nitrate, ammonia, and sulfide using standard photometric procedures [Grasshoff et al., 1983; Gieskes et al., 1991] . Total alkalinity was determined by pore water titration [Ivanenkov and Lyakhin, 1978] . The remaining pore waters were later analyzed in the home laboratory for dissolved sulfate and bromide. Detailed descriptions of the methods are available at http://www.ifm-geomar.de/ index.php?id=mg_analytik&L =0.
Numerical Modeling
[17] The numerical transport reaction model Calcite, Carbon and Nutrient Diagenesis (C. CANDI) was applied to simulate the biogeochemical processes in the surface sediments at clam fields (BIGO 5) and sediments covered with bacterial mats (BIGO 4) as typical examples for these specific environments. This model is able to reproduce the benthic turnover at cold vent sites and therewith to determine the major biogeochemical processes in the sediment and the fluxes between sediment and bottom water [Luff and Wallmann, 2003] . The rates of the kinetically controlled redox reactions are formulated following Van Cappellen and Wang [1996] and Boudreau [1996] . Dissolution and precipitation rate laws for calcium carbonate were taken from Hales and Emerson [1997] . The equilibrium calculations for the simulations of the two BIGOs were performed using the alkalinity conservation approach as outlined by Luff et al. [2001] . The model considers the degradation of organic matter separated in two different fractions (2-G), the consumption of six terminal electron acceptors, 15 secondary redox reactions including anaerobic methane oxidation, acid-base equilibria, and carbonate dissolution and precipitation processes. CaCO 3(aragonite) , CaCO 3(calcite) ), in the sediment and the pore water, evoked by advection, irrigation, molecular diffusion, bioturbation and chemical/biological reactions have been described with the model. The complete description of the model including the parameterization of bioturbation and bioirrigation, as well as the formulation of the chemical reactions, is given by Boudreau [1996] .
[18] Critical values of kinetic constants, the unknown flow velocity, bioturbation and bioirrigation activities were determined by fitting the model to the available biogeochemical data set assuming steady state conditions. Measured bottom water concentrations (of, e.g., SO 2 4À and alkalinity) as well as measured particular organic carbon (POC) concentrations in the upper sediment layer have been used to define the upper boundary concentrations for the model. For the simulation of the upper 20 sediment centimeters, a vertical grid of 1500 cells has been used to resolve the high turnover, especially near the sediment surface.
Results
Reference Sites: In Situ Flux Measurements
[19] At reference sites the average total oxygen uptake was low at 2.1 ± 0.9 mmol m À2 d À1 (Table 2 ). Net methane efflux was not detected here, within the chambers methane concentrations remained stable over time at an average concentration of 0.04 ± 0.001 mmol L
À1
. Background concentration of methane in this region is about 0.0015 mmol L À1 [Heeschen et al., 2005] . Oxygen concentration of the bottom water was 56.7 mmol L À1 . Numerical modeling was not applied to pore water concentrations of these sites.
Clam Field Sites 3.2.1. In Situ Flux Measurements
[20] At clam field sites methane efflux under natural oxic conditions was 0.6 mmol m À2 d
À1
. Oxygen concentrations inside the chamber never became less than 12.6 mmol L
(FLUFO 4). The total average oxygen uptake was about 1.7 times higher than at the control sites with a maximum uptake rate of 5.1 mmol m À2 d À1 . Average nitrate uptake was 4.8 mmol m À2 d À1 . Ambient bottom water concentrations of oxygen and methane above clam beds were 38.4 ± 4.9 and 0.09 ± 0.04 mmol L À1 , respectively.
Model Flux Calculations
[21] Model calculations have been applied to the measured pore water profiles of sulfate, sulfide and total alkalinity obtained with BIGO 5. The measurements from the chamber with and without the gas exchange system as well as the results from the simulation are shown in Figure 6 . Biogeochemical turnover in the underlying sediment consumes about 1.4 mmol m À2 d À1 oxygen. The aerobic degradation of organic matter consumes about 0.57 mmol m À2 d À1 while the oxidation of reduced species near the sediment surface consumes the rest. Aerobic methane oxidation in the sediment does not play an important role (0.006 mmol m À2 d
À1
). This turnover results in an oxygen . Simulated (solid line) and measured pore water profiles of sulfate, sulfide, alkalinity, and methane from the chamber with the gas exchange system (circles) and without the gas exchange system (stars) from BIGO 5. This core represents the biogeochemical situation below a clam field.
penetration depth of less than one millimeter. Pore water fluid flow from below has been resolved by the model to be 10 cm yr
. The lower concentration gradients near the sediment surface are an obvious indicator for bioirrigation activities. The best model fit could be obtained using a bioirrigation coefficient of 20 yr À1 and a depth of 5 cm. At this station sulfate penetrates down to a depth of about 20 cm, yielding an anaerobic oxidation rate of methane of 3.6 mmol m À2 d À1 . In this environment almost 100% of the methane reaching the sediment column at 20 cm depth is oxidized anaerobically within the sediment.
Microbial Mat Sites 3.3.1. In Situ Flux Measurements
[22] In comparison to the control and clam field sites, sediments covered with microbial mats are characterized by an extremely fast total oxygen uptake, yielding an average uptake of 47.5 mmol m À2 d
À1
. This value is about 13 or 23 times higher than at clam field and control sites, respectively. In the ''control chambers,'' where oxygen was not supplied during the measurements, oxygen was completely consumed within less than 20 min. Total oxygen uptake rates for these measurements were not calculated. Under these anoxic conditions average methane efflux was 117.0 mmol m À2 d À1 in contrast to 5.7 mmol m À2 d
under natural oxic conditions measured in the ''exchange chamber''. Under natural oxic conditions methane emission from these sediments was about 9 times higher than found at the clam field sediments. Average nitrate uptake of sediments covered with microbial mats under oxic conditions was 4.6 ± 1.7 mmol m À2 d À1 . Bottom water methane concentrations (0.34 ± 0.13) were slightly higher than those above clam fields, bottom water concentration of oxygen was 43.6 ± 8.1 mmol L À1 .
Model Flux Calculations
[23] In contrast to the numerical simulation of the clam fields, the concentration of oxygen and nitrate at the sediment surface below the bacterial mat has been set to zero. All oxygen and nitrate available in the bottom water is already consumed in the bacterial mat for organic matter remineralization and oxidation of reduced species from the sediments [Sommer et al., 2002; Luff and Wallmann, 2003] . Microprofiling measurements by W. Ziebis (personal communication, 2002) further confirm the use of this approach. Thus the oxygen uptake of the sediment under the mat can be considered as negligible and the measured oxygen uptake of 47.5 mmol m À2 d À1 proceeds in the enclosed bottom water and the microbial mat. The simulation of the pore water concentrations (Figure 7 ) from BIGO 4 yields an anaerobic oxidation rate of methane of 15.1 mmol m À2 d
À1
( Table 2 ). The sulfate flux to AOM ratio is 0.99 and like at the clam field site indicative for a tight coupling of methane turnover to sulfate reduction in sediments covered with microbial mats. The resulting sulfide flux corresponds to 22.0 mmol m À2 d À1 being 3.5 times higher than at the clam field. At this site fluid flow has been determined to a value of 20 cm yr . Simulated (solid line) and measured pore water profiles of sulfate, sulfide, alkalinity, and methane from the chamber with the gas exchange system (circles) and without the gas exchange system (stars) from BIGO 4. This core represents the biogeochemical situation below a microbial mat. This flux represents only 3.6% of the methane entering the sediment column at 20 cm depth.
Discussion
Emission Rates of Dissolved Methane
[24] In situ measurements of emission rates of dissolved methane from gas hydrate containing sediments are very scarce because of limited availability of appropriate in situ technology. Deployment of lander systems is very labor intensive and time consuming, hence only a few single spot measurements are available. So far existing in situ measurements of seabed methane emission rates at Hydrate Ridge were in the range of 30 to 100 mmol m À2 d À1 in sediments covered with microbial mats and <1 mmol m À2 d À1 in clam field sediments. Compared to our in situ measurements at microbial mat sites these values are 5 to 18 fold higher whereas methane emissions from clam field sites are similar in both studies. The mismatch at microbial mats can be attributed to different velocities of the advective pore water flow where our model calculations revealed advective pore water velocities of about 20 cm yr À1 (Table 2) . Three years prior to this study Torres et al. [2002] found at the southern summit of Hydrate Ridge advective flow rates of 10 to 250 cm yr À1 at microbial mat sites and 2 to 10 cm yr À1 at clam fields. Another factor contributing to this discrepancy of methane emission might be strong spatial and temporal variability. Table 3 summarizes methane emission at Hydrate Ridge from three different years determined by in situ methods and numerical modeling of pore water gradients. Methane efflux measurements are subject to methodological constraints of the lander systems. Even when the chambers are slowly driven into the sediment leakage of methane and other reduced pore water species takes place. Subsequent bacterial and chemical oxidation processes then lead to a fast depletion of the oxygen inventory inside the chamber, in effect the measurement becomes artificial not describing the natural environment. Such anoxic conditions can be assumed for the in situ measurements conducted by Torres et al. [2002] inducing elevated methane emission rates beyond the natural background. In chambers where steady oxygen supply is sustained, the increased methane concentration during the critical initial phase of the measurement is lowered by oxidation and conditions prior to the disturbance eventually will be approached. In these chambers extremely high methane consumption rates in the range of 6 to 42 mmol L À1 h
À1
were measured during this initial phase. Although these numbers represent an artifact, they clearly indicate the strong potential capacity of the sediment water boundary layer to suppress seabed methane emission. Assuming that all of this methane consumption proceeds aerobically, an oxygen supply of 12 to 84 mmol L À1 h À1 is necessary during the initial measurement phase. In this case the oxygen content of the enclosed water body would be consumed within 0.5 -3.7 h, which has been observed in chambers not equipped with the gas exchange system.
[25] Inconsistencies exist between the in situ methane emission rates and those calculated from pore water gradients. At the clam field sites a methane flux of 0.6 mmol m À2 d À1 has been measured by the observatories, while the numerical model predicts a flux of nearly zero (0.0005 mmol m À2 d
). At the microbial mat sites the fluxes determined in situ are 9.5 times higher than those determined by model calculations. These differences result from the different approaches. Benthic chambers enclose a natural mesoscale environment including sediment fractures and biogenic structures along which solutes and gases can easily escape. In contrast, the pore water concentrations used for the numerical simulation result from a squeezed sediment layer with a diameter of 10 cm, where all biogenic and geological sediment features are leveled out. Hence these data can only be described by diffusive and advective processes through the sediment matrix. Therefore the natural small-scale variability observed at cold vent sites explains the difference between the in situ and modeled fluxes.
[26] Because of the pronounced spatial heterogeneity of sediment lithology and faunal distribution, it is very difficult to extrapolate from these spot measurements to regional emission rates. Water column measurements across the vent sites of the southern Hydrate Ridge area (0.029 km 2 ) provided a regional methane flux estimate of 328 mmol m -2 d À1 [Heeschen et al., 2005] . These measurements integrate the total methane flux of the summit dissolved in the pore water as well as in form of gas bubbles. Our in situ flux measurements, representing only 2% of this methane flux, emphasize the importance of gaseous methane emission for the water column carbon cycle.
Efficiency of the ''Benthic Filter''
[27] So far only indirect estimates of the filter efficiency of the benthic system for methane exist. On the basis of methane emission rates of Torres et al. [2002] and ex situ determinations of the anaerobic methane oxidation Treude et al. [2003] provide an estimate of the filtering efficiency in the range of 50 -90% for sediments covered with microbial mats. Boetius and Suess [2004] postulate that less than 50% of the total methane escapes from sediments covered with bacterial mats and <15% from clam fields.
[28] Using the fluxes resolved from the model for the amount of methane, which enters at the bottom of the sediment column at 20 cm depth, and the modeled methane emission rates across the sediment water interface estimates of the efficiency of the benthic filter at the different sites can be derived. At clam field sites almost 100% of the incoming methane is consumed by methane oxidation. In sediments covered with bacterial mats the methane consuming efficiency is 96%. However, these calculations neglect bubble transport and are only valid as long as the pore water transport can be regarded as laminar through the sediment matrix. Luff et al. [2004] found that in environments with pore water velocities of >90 cm yr À1 the fluid flow bypasses the filter, breaks through the sediment surface, and delivers high amounts of methane into the bottom water. Using the respective in situ methane emission rates for these calculations, the methane consuming efficiency is 83% at clam field and 66% at microbial mat sites.
[29] Our measurements showed that under experimental anoxic conditions seabed methane efflux increased and the filtering efficiency of the benthic system became strongly reduced. This might be attributed to anoxic conditions switching off aerobic methane oxidation in the sediment water boundary layer. Since we did not measure aerobic and anaerobic oxidation of methane directly, a crude estimate of the aerobic methane oxidation can be obtained by mass balance calculation of the total oxygen turnover. Fluxes of major electron acceptors in relation to the turnover of methane and particulate organic matter in sediment covered with bacterial mats are summarized in Figure 8 . On the basis of the stoichiometry for sulfide oxidation by oxygen
and nitrate
and the assumption that half of the sulfide is oxidized by oxygen and the other half by nitrate, 73.3% (34.8 mmol Figure 8 . Fluxes of electron acceptors (O 2 , NO 3 À , SO 4 2À ) in relation to the turnover of methane, particulate organic matter, and microbial sulfide oxidation in sediments covered with microbial mats. Numbers in bold represent in situ measurements; those in plain text represent fluxes derived from modeling of pore water concentrations of sediments retrieved with BIGO 4, POC* flux is from Sommer et al. [2002] . See text for further explanations. m À2 d À1 ) of the total oxygen uptake and 100% of nitrate uptake is used to cover the sulfide flux for complete oxidation in microbial mats. The remaining 26.7% of the total oxygen uptake is used for aerobic oxidation of methane, mineralization of organic carbon, and oxidation of ammonia. On the basis of primary production and applying different export production models Sommer et al. [2002] estimated an allochthonous particulate carbon input of about 5.8 mmol m À2 d
À1
. Chemoautotrophy in microbial mats and by free-living sulfide oxidizers represents an important endogenous carbon source which contributes to cover the carbon demand in this system. Employing the stoichiometric equations for the oxidation of sulfide with nitrate and oxygen [Luff and Wallmann, 2003 ] an endogeneous carbon input of about 2.6 mmol m À2 d
can be calculated providing a bulk POC availability of 8.4 mmol m À2 d
. Assuming that 25% of the available bulk organic carbon is mineralized aerobically [Glud et al., 1999] and using a molar ratio between oxygen consumption and POC degradation of 1.4 [Anderson and Sarmiento, 1994] . For the same investigation area, Suess et al. [1999] estimated that 60% of the oxygen is used for sulfide oxidation, 5% for the oxidation of ammonia and the rest (35%) for the oxidation of methane. For organically highly enriched shallow water sediments, Schmaljohann [1996] calculated that up to 28% of the total oxygen uptake is needed for aerobic methane oxidation.
[30] Oxygen penetration in sediments covered with microbial mats is only in the range of a few micrometers to millimeters (W. Ziebis, personal communication, 2002) so that methanotrophic bacteria dependent on oxygen supply might be located at the upper layer of microbial mats or most likely live attached to suspended particles in the sediment water boundary layer. Thus apart from the surface sediments the bottom water boundary layer might considerably contribute to the filtering efficiency of the benthic system.
[31] At the investigated clam field sites significance of aerobic methane oxidation cannot be assessed. Input of methane (3.6 mmol m À2 d
) was nearly in balance with the anaerobic oxidation of methane (4.1 mmol m À2 d
). Overall fluxes and turnover rates were distinctively lower than at the microbial mat sites. The sulfide flux drives a chemotrophic organic carbon production of 0.83 mmol m
, which is 3.1 times lower compared to the microbial mat sites. This endogeneous organic carbon production contributes only 12.5% to the bulk particulate organic carbon supply. To underline the low activity at this site the sulfide flux was 3.6 times lower than the average sulfide flux measured at Hydrate Ridge clam fields 3 years ago [Sahling et al., 2002] . Average oxygen uptake is nearly similar to that determined for the reference site. To cover the demand for complete sulfide oxidation 100% of nitrate and 82.6% (3.05 mmol m À2 d
) of the total oxygen uptake is necessary. The remaining 17.4% of the total oxygen uptake are used for aerobic oxidation of methane, ammonia and organic carbon mineralization.
[32] Organic carbon cycling at the reference site is almost exclusively dependent on the allochthonous supply of organic carbon. Total oxygen uptake accounts for the mineralization of 1.5 mmol C m À2 d À1 , representing 23.9% of the bulk organic carbon flux [Sommer et al., 2002] , leaving 76.1% for anaerobic degradation and permanent burial. Total oxygen uptake rates at Hydrate Ridge are slightly higher than those found at the California continental slope (0.3 -1.3 mmol m À2 d À1 ) at depths from 790 to 1,190 m [cf. Cai and Reimers, 1995] . A predictive equation from these authors derived from measurements of the NE Pacific, expressing the total oxygen uptake as a function of bottom water concentration and organic carbon percentage of the surficial sediments, underestimated our measurements (0.39 mmol m À2 d
). The stations at which the predictive equation is based might not be representative for the reference sites investigated during this study. The investigated reference sites are likely to benefit from the export of organic carbon and increased methane concentrations which is produced at nearby chemotrophically dominated sites containing gas hydrates and enhanced carbon turnover in the sediment water boundary layer.
Conclusions
[33] Seafloor methane emission from Hydrate Ridge clam field and bacterial mat sites is presently very low. This is due to low advective pore water flow and efficient anaerobic methane consumption in the sediment column. At microbial mat sites where methane input from below is about 3 times higher than at clam fields we found strong indications that aerobic methane oxidation further controls the methane efflux. Aerobic methanotrophy takes place down to a threshold oxygen concentration of about 6.3 mmol L À1 [Heyer, 1990] . Thus this microbial process might still efficiently take place in oxic surface sediment layers of clam fields and to a minor extent in microbial mats. We assume that this process predominantly occurs in the bottom water layer close to the sediment surface where bacteria live attached to suspended particles or in detrital aggregates. Although measured under artificial conditions extremely high methane consumption rates in this layer point toward a strong potential capacity of the sediment water boundary layer to suppress seabed methane emission when the anaerobic methane oxidation in the sediment becomes saturated or when methane is bypassing the sediment matrix along fractures or channels. Although the investigated sites at Hydrate Ridge are under the present environmental conditions in a quiescent state, there are implications that under altered environmental conditions such as enhanced surface water productivity and warming of bottom water enhancing overall oxygen uptake in the sediment water boundary layer the benthic filter might lose its efficiency. In effect, high concentrations of methane might be injected into the water column where it will be oxidized aerobically with a negative feedback on the overall oxygen inventory of the water masses [Kennett et al., 2000; Valentine et al., 2001; Hinrichs et al., 2003] . Joos et al.
[2003] predict a 4 to 7% decline of dissolved oxygen in the ocean until the end of this century. This might severely affect methane cycling and release from Hydrate Ridge, which is located in the northern outreach of the extensive California continental margin oxygen minimum zone.
